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ABSTRACT:

Dielectric measurements of the complex permittivity of coacervate concentra-
tions of two analogs of the polypentapeptide of elastin, (Xxxl-Proz—Gly?-Val“-
G1y5)n where Xxx is Val for the elastin polypentapeptide and lle and Leu for
the two analogs were taken over the frequency range of 1 MHz to 1000 MHz and
over the temperature range of 0° to 60°C. Two relaxation processes were
observed in each polypentapeptide. One with a frequency centered in the low MHz
frequency range which has been attributed to a low frequency librational mode
within the polypeptide. The other relaxation is located near the GHz frequency
range.

The magnitude of the dielectric increment, Ae, of the librational mode of
each polypentapeptide analog increases with increasing temperature from near
zero at 0°C to approximately 40 at 60°C, showing an inverse temperature tran-
sition to a more-ordered structure. Conversely the magnitudes of the dielectric
increment of the high frequency relaxation decrease on increasing the tempera-
ture and differ in approximate proportion to the hydrophobicity of the pentamer
for the polypentapeptide of elastin and the two analogs at temperatures below
the inverse temperature transition. It is suggested that clathrate-like water

surrounding hydrophobic side chains contributes to the high frequency relaxa-
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INTRODUCTION:

Fibrous elastin from aorta occurs as 5 to 6 um diameter fibers (1). These
fibers are comprised of a single protein, which as the soluble precursor is
called tropoelastin (2,3). A key development in deriving the molecular mecha-
nism of biological elasticity was the finding by Sandberg and colleagues of
repeating peptide sequences. The most striking repeating sequence is the poly-
pentapeptide (ValX-Proz-G1y3-Va1“-G1y5)n where n is eleven or greater (4). It
has been demonstrated that this polypentapeptide of elastin, also referred to as
(VPGVG), or PPP, on increasing the temperature in water undergoes an inverse
temperature transition with the proposed development of a dynamic B8-spiral con-
formation within which occurs a Val"-G]ys-Val1 suspended segment capable of
large amplitude, low frequency rocking motions (for a review see 5). The repeat-
ing pentamer in an unrolled perspective of the g-spiral is given in Figure 1.

Previous relaxation studies on the polypentapeptide of elastin (6) and on
a-elastin (7), a 70,000 D chemical fragmentation product from elastin (8), have
demonstrated a single Debye-type relaxation with a relaxation time of about 7 ns
at 40°C for the polypentapeptide and about 8 ns at 40°C for o-elastin. This
relaxation has been attributed to the internal dynamics of the polypentapeptide
and primarily arising from the rocking motion of peptide moieties in the
suspended segment Val“-Gly°-vall (6,9).

Below the temperature of the transition for the polypentapeptide, which is
centered at 31°C and begins at 24°C, the polypentapeptide of elastin is soluble
in water in all proportions. Above the temperature of the transition at con-
centrations less than 37% peptide by weight, two phases are observed. One is
due to the more dense, viscoelastic coacervate state of the polypentapeptide
and the other is due to the transparent equilibrium solution. The polypentapep-

tide coacervate is a two component system which contains by weight 63% water and

37% polypentapep*1de at 3077 (10).
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Dielectric measurements have been proven to be useful for studying water in
protein. A sound discussion of this method is found in several books (11,12).
Recently, the hydration of lipoprotein (13),.protein (14), ocular tissue (15),
brain tissue (16,17), hemoglobin (18), polyadenine (19), and Na-DNA gels (20)
has been studied by dielectric relaxation measurements. (For earlier work, see
references 11 and 12.) One of the challenges of dielectric measurements is to
determine the contributions to the so-called § dispersion which occurs in the
range of 0.1- 3 GHz. This relaxation could be due to rocking motions of polar
side chains or due to reorientation of protein bound water molecules. Of par-
ticular interest are the different kinds of water which could contribute in dif-
ferent ways to the dielectric properties and to the § dispersion (21). In a
water-protein system, possible kinds of water would be water hydrogen bonded to
dipolar and to charged groups in protein, bulk water and as discussed below
clathrate-like water surrounding hydrophobic side chains of the protein.

In order to examine further the rocking motion of the polypentapeptide
moieties and the interaction of water within the polypentapeptide in relation to
the inverse temperature transition, we have determined for comparison with PPP
the dielectric properties over a frequency range of 1 MHz to 1 GHz and a tem-
perature range of 0° to 60°C of the two polypentapeptides: (Leul-Proz-Gly3-
Val“-GlyS)n and (I\el-Proz-G1y3-ValL'-Glys)n also referred to as (LPGVG), or

Leu'-PPP and (IPGVG)n or Ilel-PPP, respectively.
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METHODS :

Preparation of the Polypentapeptides

The preparation of Ilel-PPP wWas reporteg earlier (22). The synthesis of
Leul-PPP was carried out by the classical solution methods. The polymer
(LPGVG), was synthesized using the two monomer permutations LPGVG and GVGLP. As
reported previously (23), the sequence with Pro as the C-terminal amino acid for
activation gave a higher molecular weight polymer and the details of the synthe-
sis of this approach (scheme I) will be discussed here,

As an overview, Boc-GVG-OH (III), prepared by the mixed anhydride (MA)
method, was coupled with H-LP-0Bzl (II) also prepared by the MA method (24). In
order to suppress the urethane by-product formation, 1l-hydroxyben-zotriazole
(HOBt) was added during the MA reaction (25). Boc-GVGLP-0Bzl1 (IV) was hydroge-
nated to the free acid (V) and was converted to P-nitrophenyl ester (-ONp)using
bis(P-nitrophenyl)carbonate (26). After removing the Boc group, the peptide-ONp
was polymerized in dimethylsulfoxide (DMSO) in the presence of N-methyl-morpho-
line (NMM) for 20 days. The polypeptide was taken into water and dialyzed
against water using a 50 kD molecular weight cut-off dialysis tubing and lyophi-
lized. The purity of the intermediate and final products were checked by
carbon-13 nuclear magnetic resonance spectra, thin layer chromatography (TLC)
and elemental analysis.

Elemental analyses were carried out by Mic Anal, Tucson, Arizona. Melting
points were determined with a Thomas Hoover melting point apparatus and are
uncorrected. TLC was performed on silica gel plates obtained from Whatman, Inc.
Clifton, New Jersey, with the following solvent systems: R# :  Ethyl acetate,

Acetic acid (A), Ethanol (90:10:10); R%-: chloroform (C), Methanol (m), A

(95:5:3); R?: CM (5:1): R;: CMA (85:15:3). Boc amino acids were purchased from
Bachem Inc., Torrance, CA. HOBt was obtained from Aldrich Chemical Co., Milwau-

kee, WI. 1-(3-Dimethylaminopropyl)-3 ethylcarbodiimide (EDCI) was obtained from
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Sigma Chemical Co., St. Louis, MO. A1l amino acids are of L-configuration
except for glycine.

Boc-Leu-Pro-0Bz1 (I): Boc-Leu-0H (18.q9g, 75 m mol) in dimethylfomamide
(DMF: 75 ml) was cooled to 0°C and NMM (8.25 ml) was added. The solution was
further cooled to -15°C and isobutylchlorofcrmate (BCF) (9.72 ml) was aitdey drop
by drop while maintaining the temperature and stirred for 10 min at which time
HOBt (11.48 g, 75 mmol) was added and stirring continued for 10 min more. A
precooled solution of HCI-H-Pro-0Bzl (18.12 g) in DMF (65 ml) and NMM (B8.25 ml)
was added to the above reaction mixture. After about 20 min one more equiva-
lence of NMM was added and the completeness of the reaction was followed by TLC.
The pH of the solution was adjusted to 8 with satd. KHCO3; solution, stirred for
30 min, poured into 90% Satd. NaCl solution and the product was extracted into
CHC13. After removing the solvent 25.5 g of I was obtained as an oil (yield:
81%). Ry 0.96; RS, 0.46; R}, 0.95. Anal. calcd. for C3H3uN20s: C 66.0, H8.19,
N 6.69%. Found: C 65.87, H 8.48, N 6.64%.

Boc-Gly-Val-Gly-Leu-Pro-0Bz1 (IV): Boc-GVG-OH(III) (5.41 g, 16.3 mmol),
HOBt (2.75 g, 18 mmol) in DMF (50 ml) was cooled to 0°C and EDCI (3.44 g, 18
mmol) (ref. 22 of 312) was added and stirred for 20 min. To this a precooled
solution of H-LP-08z1 (II) (5.8 g, 16.3 mmol), obtained by deblocking I with
HC1/dioxane, and NMM (1.8 ml1) in DMF (30 ml) was added and stirred overnight at
room temp. Solvent was removed under reduced pressure. The residue was taken
in CHC13 and extracted with acid and base. After removing the solvent the pep-
tide was precipitated by adding EtOAc, filtered, washed with EtOAc and dried to
obtain 8.2 g of the product (yield:: 79%), m.p. 132 - 4°C. Ry, 0.75; R%, 0.2,

Anal. calcd., for Cy2Hu9NsOg: C 60.83, H 7.82, N 11.08%. Found: C 60.35, H

7.397, N 10.85%.




Boc-Gly-Val-Gly-Leu-Pro-OH (V): IV (7 g, 11 mmol) in glacial acetic acid (70
ml) was hydrogenated in the presence of 10% Pd/C (9.8 g). The catalyst was
filtered with the aid of cel.te and solvent rgmoved under reduced pressure., The
precipitate obtained by the addition of EtOAc was filtered, washed with EtOAc,
pet. ether and dried to give 5 g of v (yield: 33.3%), m.p. 130 - 6°C (decomp.).
R:. 0.2; Rf 0.41. Anal. calcd. for C2sHu3NsOg«l2H,0; C 54.52, H 8.05, N 12.71%.
Found: C 54.49, H 8.38, N 12.3%.

Boc-Gly-Val-Gly-Leu-Pro-ONp (VI): V (4.5 g, 8.3 mml) in pyridine (35 ml)
was reacted with bis(P-nitrophenyl) carbonate (BNPC) 3.8g, 12.46 mmol) for
several days while following the progress of the reaction by TLC. Two addi-
tional 0.5 equivalences of BNPC were added during that time. After removing
pyridine, the peptide was precipitated by added ether. VI was filtered, washed
with ether, dilute citric acid, basic water and dried to obtain 4.25 g (yield:
77.3%), m.p. 122 - 4°C (decomp). Rf, 0.21; R; , 0.7. Anal. calcd. for
C3HueNg0y0: C 56.18, H 6.99, N 12.68%. Found: C 55.79, H 7.02, N 12.48%.

H-(Gly-Val-Gly-Leu-Pro)n OH (VIII): The Boc group was removed from VI (3.5g, j

5.28 mmol) by treating with trifluoroacetic acid (TFA) 30 ml) for 30 min. TFA
was removed under reduced pressure, triturated with ether, filtered, washed with

ether and dried to give 3.5 of VII. The TFA salt (VII) (3.5g, 5.17 mmol) in

DMSO (5.2m1) was stirred for 20 days in the presence of NMM (0.91 mi, 8.3 mmol).

The reaction mixture was diluted with water and dialyzed against water using a
50 kD cut-off dialysis tubing changing water daily for 15 days. The retentate ‘
was lyophilized to obtain 1.8g of Leu!-PPP (yield: 79.3%). In order to remove ‘

any unreacted -ONP groups present on different chains of polymer, VIII was

treated with base, neutralized, dialyzed and re-lyophilized.
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Dielectric Relaxation Measurements

The dielectric relaxation studies were carried out by means of a coaxial
line cell/vector analyzer method using the Polarad model [PV-vector analyzer
with the Model EZ2 tuner. The signal generat;r used was the Wavetek Model 3510
covering the frequency range of 1 to 1040 MHz. Both instruments were controlled
by a Tektronix Model 4054 computer graphics system using an IEEE-488 Bus. The
dielectric cell and the method are described elsewhere (27,28). The temperature
was controlled by a refrigerated circulating bath, Neslab Endocal RTE-5DD, and
monitored by thermocouple placed in contact with the cell using an Omega Model
410A.

The polypeptide sample was dissolved in water, coacervated at 40°C in an
injection syringe and allowed to stand for several days at 40°C to complete the
phase separation. The coacervate concentration was carefully injected from
below into the cell at a temperature below that required for the onset of
coacervation where the viscosity is less. The sample was allowed to equilibrate
overnight at 60°C, a temperature above the transition. Then the cell tempera-
ture was decreased to 0°C in the period of 1 hour. The cell temperature was
raised in 6°C steps from 0° to 60°C. After each temperature was reached, the
sample was allowed to equilibrate for 30 min before data collection began. The

polypentapeptide of elastin, (VPGVG)n, or PPP and its two analogs (LPGVG), or

Leu'-PPP, and (IPGVG)n or Ile'-PPP were studied.

RESULTS:
Fiqure 2 shows the real part (at the top) and the imaginary part (at the
bottom) of the dielectric permittivity of the Nel-pPP over the frequency range

of 1 to 1000 MHz and over a temperature range of 18 to 60°C. At each tempera-
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range. For the three dimensional plots, straight line segments connected each

pair of experimental data points.
Clearly two relaxation processes can be observed. As can be seen in Figure

2, the first one is seen as an increasing relaxation process near 5 MHz when
raising the temperature and the second one shows a decreasing relaxation process
within the GHz range when raising the temperature. Qualitatively similar
results have been obtained for PPP and a-elastin (6,7). It was suggested for
PPP and qa-elastin that the first relaxation is intrinsic to the polypentapep-
tide. More precisely this relaxation was assigned to a peptide librational pro-
cess arising primarily from the recurring suspended segment Va]l'-Glys-Val1 Wwith-
in the polypentapeptide. This segment, more accurately defined from the val®
a-carbon to the Val! a-carbon, is capable of low frequency rocking motion while
the other segment Vall-Proz—Glyz-Valu, i.e. from the Val1 a=carbon to the Val“
a-carbon, is less flexible (see Figure 1). This latter segment of polypentapep-
tide has a g-turn conformation involving a Vall C=0««<H-N Val“ hydrogen bond.
The substitution of Vall of PPP by Ile (Ilel-PPP) does not modify this hydrogen
bond and retains B8-branching in the side chain. Thus the conformation is expect-
ed to be the same for PPP and for Ile'-PPP. Circular dichroism studies, in
fact, show identical spectra before and after the transition (22).

While not altering conformation, this substitution of Ilel, however, has an

important effect on the temperature of the phase transition. The phase tran-

?‘ ,'l " .'. .‘l -"..'_‘-

v L . .
F sition temperature of the PPP coacervate is centered near 30°C while the phase

[ transition temperature of Ile'-PPP is centered near 10°C (22,29). As Ile is more

FQ hydrophobic than Val (30,31), the phase transition temperature for coacervation

o

r_.:‘ :

- therefore is inversely related to the hydrophobicity of the pentamer side chains

& (22,29). In this perspective, the dielectric behavior of the PPP analogs provide

.

o an interesting opportunity to exanine the interaction of water within these
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polypentapeptides. This is particularly the case because of the unusually high
pentapeptide to water ratio which provides that a greater fraction of the total
water will be the unique water surrounding the hydrophobic side chains.

The second relaxation frocess {located within the GHz range) was previously
attributed to water (see Fig. 2). These two relaxation processes behave inver-
sely with the temperature. Without polar side chains in the pentamers only two
species, water and backbone peptide moieties could contribute to the dielectric
permittivity changes. One may wonder if other conformational states of the
Iel-PPP could contribute to this second process. This relaxation is observed
below the phase transition where the polymer is less-ordered and the pentamers

would exhibit a dispersity of conformationa! states with a resulting broad range

of relaxation times. The polypeptide therefore is not a good candidate for the
relatively intense relaxation near 1 GHz. Thus it is necessary to consider if
the high frequency relaxation process may be due to water.

In this system, at least three kinds of water are present. Free or bulk
water which is not bonded to the polypeptide has a relaxation process located at
25 GHz (11). Another kind should be water hydrogen bonded to the polar groups
of the polypeptide backbone, and yet another kind, as suggested by Urry et al
(22, 29), should be due to clathrate-like water associated with the hydrophobic
side chains of these polypeptides which undergo inverse temperature transitions.
In this regard it is now useful to consider another pentamer with yet a differ-
ent hydrophobicity. Figure 3 shows the real and imaginary part of the dielec-
tric permittivities as a function of temperature for Leu'-PPP. The results are
very similar to Ie'-pPP as presented in Fig. 2. Leul-PPP also exhibits two
relaxation processes which can be considered in the same way as previously done
for Ile'-ppp, The phase transition for Leul-PPP is centered at 15°C, inter-
mediate between that of Ile'-PPP and PPP . and the substitution of Leu instead of
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val should have little effect on the Leu' C-0++-H-N Val' hydrogen bond. Thus
the B-spiral conformation should be the same for Leu'-ppp and for PPP. The PPP
results, previously reported (6) and not shown in this paper, are very similar
to those of Leul—PPP and Ilel-PPP.

A more detailed comparison of the dislectric results of the analogs shows
interesting features concerning the water-polypeptide interaction which further
demonstrate the origins of the near GHz relaxation.

Figure 4 gives the temperature dependence of the imaginary part of the per-
mittivity at 794 MHz for the polypeptides studied in this paper. For comparison
the temperature dependence of the permittivity (imaginary part) of pure water is
shown. One can see very well the accentuated drop of the dielectric loss as a
function of temperature for the polypeptides. The origin of this dielectric
loss can be further considered. Free water contributes little to the dielectric
loss within the polypeptide-water system at 1 GHz. It is possible that the
water hydrogen bonded to the polar groups of the polypeptide backbone could give
a contribution to the dielectric loss. However, another fact should be con-
sidered. Raman spectroscopy has shown that the B-turn in the polypentapeptide
(with hydrogen bond) is relatively unchanged over the temperature range form 20°
to 40°C (32). Tnerefore, a change in hydrogen bonding is not expected through
the transition. Within the pentamer, nine polar groups are capable of hydrogen
bonding (five carbonyl oxygens and four peptide hydrogens) two of these polar
groups are inaccessible to water due to the intramolecular hydrogen bond of the

g-turn (see Figure 1). Thus we could estimate 7 sites where water molecules

could hydrogen bond within the pentapeptide but these are not expected to change
:3:{2 significantly over the temperature range, Thus the number of polar groups

) hydrogen bonded to water is essentially constant. One might briefly also con-

v w_w-

sider ice-like structures within the protein. However, ice has a relaxation
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process within the 10 KHz range (l1) and thus such highly ordered water would

not contribute to the dielectric loss observed at 1 GHz.

Two important facts must be noted: the first one is the high concentration
of polypeptide in water about (40%) and the second one is the high content of
nydrophobic groups. Thus before the inverse temperature transition, there must
be a large proportion of water associated with hydrophobic side chains. At the
coacervate concentration there are approximately 30-35 water molecules per pen-
tamer. With some seven water molecules hydrogen bonded below the phase transi-
tion, about 25 water molecules would be either free bulk water or clathrate-like
water in association with the hydrophobic side chains. It is not unreasonable
that most of the 25 water molecules would be in association with the three bulky
hydrophobic side chains of the pentamer of Itel-ppp.

We propose that this water located in association with hydrophobic side
chains of the polypeptide contributes to the dielectric loss observed at high
frequency. This water should have a similar structure to water surrounding
methane 1in clathrates (33) and perhaps clathrate-like water therefore is an
appropriate term for describing this kind of water. As all three polypentapep-
tides have the same number of polar groups and similar conformations, one expects
that the number of water molecules hydrogen bonded to backbone should be similar
for each polypentapeptide derivative. The contribution of hydrogen bonded water
to the relaxation in the near GHz range should be similar for each polypentapep-
tide derivative. In Figure 4, it is seen, however, that each polypentapeptide
has a different magnitude of dielectric loss. It could be suggested that the
number of hydrogen bonded water molecules would not be the same for each poly-
pentapeptide due to a restriction of access to binding sites. However, it is
unlikely that Ie!-PPP and Leul-PPP, each of which differ from PPP by a single

additional CH, moiety should differ from each other or even for that matter have
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more restricted hydrogen bonding access than PPP, If it were a matter of steric
’ blocking of sites, PPP would be expected to have the greater number of water
molecules hydrogen bonded, and if the near GHz dielectric loss were due to

- water molacules hydrogen bonded to backbone, PPP should exhibit the more intense

\ nigh frequency dielectric loss. What is observed is exactly the inverse
[

- situation. Thus water hydrogen bonded to polypeptide backbone could not explain
o the dielectric loss. On the basis of these considerations, it is proposed that

clathrate-like water contributes to the near GHz dielectric loss.
- Figure 5 gives the variation of the real part of permittivity at 794 Hz as
E function of temperature for the polypeptides studied in this paper. For the
1 sake of comparison, the variation of pure water permittivity is also shown.
Differences are apparent between the data for the polypeptides and water. While
N water presents a linear decrease of permittivity with increasing the tempera-
ture, this is not the case for the polypeptides. A transition curve is seen.
The high frequency permittivity could reflect mainly the permittivity contribu-
tion of the water solvent. Figure 5 shows an increasing permittivity at 794 MHz
from Ile'-PPP to Leu!-PPP and PPP. Thus the water content within the polypen-

tapeptide derivative should increase from INe'-PPP to Leul-PPP and to PPP,

v et,
A N A

DISCUSSION:

: In Table 1 are presented the results of a curve fitting analysis on the
INel-ppp data., The dielectric permittivity was analyzed by means of one Cole-
Cole function plus the conductivity term:

€ = g + Ae ———— + — 0

1+ (12“\,1)\‘0‘ i2mve,
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where € is the complex permittivity; e~ is the high frequency limit permit-
tivity; A¢ is the dielectric decrement; v is the frequency; t is the relaxation
time, a is the Cole-Cole parameter which indifates a spread of relaxation times
centered about -: 7 is the conductivity, and e, is the vacuum permittivity.

On decreasing the temperature, a of the Cole-Cole term becomes larqger, indi-
cating a spread of relaxation times which could arise from several conformation-
al states. Above the phase transition temperature, Ilel-PPP develops a nearly
pure Debye relaxation with a being close to zero. When raising the temperature,
the dielectric decrement becomes greater and a becomes smaller, indicating an
inverse temperature transition resulting in the formation of a regular structure
as can be seen qualitatively in Figures 2 and 3. As had already been reported,
PPP (3) and elastin (4) develop an increasing dielectric decrement when the tem-
perature is raised. The CD spectra of [le!-PPP and PPP (22) indicate an
increase of intramolecular order on raising the temperature. Thus the dielec-
tric measurements further characterize this as an inverse temperature tran-
sition.

Figure 6 shows a typical example of the quality of curve fitting obtained on
the Ile!-PPP data. The full line represents the best fit and the dotted points
are experimental data. No attempt has been made to fit the high frequency
relaxation, since we do not know the maximum of this dielectric relaxation. The
quality of the fit at low frequency (close to 1 MHz) becomes slightly less

satisfactory than in the higher frequency range. Perhaps, another dielectric

relaxation begins to contribute at the low frequency end of the observed range.

s It is also quite possible that electrode polarization would not be negligible in
p
:}jy this frequency range. Figure 7 shows the Cole-Cole plot of the Ie'-ppp sample
b at 42°C. At the left of the figure, the dispersion due to the clathrate-like
A
Y]
gg water 1s again well demonstrated,
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Since the conductivity and the electrode polarization could contribute to
the dielectric background, the value of the relaxation time could vary somewhat.
It is still possible nonetheless to utilize the temperature dependence of the
correlation tim~ *o give an estimate of the enthalpy of activation. The value
from the dats olottea in Figure 8 is 1.b ' 0.3 kcal/mole for Ilel-PPP, which is
similar to the value for a-elastin (1.7 kcal/mole) (7).

Next the high frequency spectrum of the permittivity can be used to estimate
the fractional volume of the polypeptide by means of the Maxwell-Fricke equation
(usually considered appropriate for protein in solution (34-37)]

€ - &y € - Ew

T T
where € is the measured high frequency permittivity; ey is the high frequency
permittivity of water; ej is the high frequency permittivity of the polypen-
tapeptide derivative; x is the shape factor which varies between 1 and 2, and Pj
is the fractional volume of the polypentapeptide derivative. For the present
calculations, chosen was a value of x = 1 which corresponds to a rigid rod
shape. This choice is because the polypentapeptide forms anisotropic fibers
rather than isotropic spheres. The ej value has been computed by using the PPP
data. The partial volume of PPP which is 0.37 (10) has been used. We have
found a value of €;j = 10. This value has been taken for Ie'-PPP and Leul-PPP
in order to compute the partial volume. As pointed out by Dawkins (37), a 20%
uncertainty in ej results in an uncertainity of less than 4% in the calculated
value Pi,

The estimation of the volume fraction of polypentapeptide derivative as
function of temperature is presented in Table IlI. The water content within the

polypentapeptide derivative increases in this order: I]el-PPP < Leul-PPP < PPP,
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This estimation of water content is only approximate since we do not know the

exact values of the parameters. However, the data clearly demonstrate an

increasing water content within the polypeptide in the order given. Interest-
.

ingly at 60°C composition studies have shown a similar sequence for water con-

tent (38).

CONCLUSIONS :

The dielectric properties of polypentapeptide analogs of elastin in aqueous
solutions provide interesting insight into the mechanism of biological elasti-
city and into the nature of the water within the polypentapeptide derivative.

On increasing temperature, the aqueous solutions of each polypentapeptide
analog form coacervates. By dielectric measurements a nearly simple Debye-type
relaxation is observed to develop on raising the temperature which has been
attributed to peptide rocking motions of the polypentapeptide. Thus during the
increase in temperature, the polypentapeptide analogs become more ordered. An
increase in intramolecular order on raising the temperature has also been
observed by CD spectroscopy (22).

In the high frequency range, there is observed a dielectric relaxation which
has been attributed to hydrogen bonded water. Since the values of the dielec-
tric loss of PPP, Leu'PPP and Ileu'PPP are not similar, water hydrogen bonded to
polypeptide backbone cannot explain the dielectric loss. Instead the magnitude
of the dielectric loss increases with increase in hydrophobicity of the pen-
tamer. For this reason, clathrate-iike water is proposed to contribute to this
high frequency relaxation (within GHz range). This high frequency dielectric
relaxation exhibits a normal phase transition which indicates an 1increasing
disorder on raising temperature. Thus considering the behavior of these two

~elaxations (one 3irises from the polypentapeptide backbone and the other one
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from the clathrate-like water or hydrogen bonded water) there emerges an
interesting picture of the temperature dependence of the water-polypentapeptide
system, On increasing the temperature, the qolypentapeptide derivative becomes
mora-ordered and the clathrate-like water becomes less-ordered. This inverse
pehavior is demonstrated in Figure 9. Thus hydrophobicity plays a role in
structure formation in these bioelastomers which correlates with development of
elastomeric force as has been reported (22,29).

The high frequency (1 GHz) of the dielectric permittivity of these polypen-
tapeptide derivatives seems to correlate with the hydrophobicity of the poly-
pentapeptide. Perhaps one of the most interesting applications of this two-
component system could be the establishment of a hydrophobicity scale based on

the relative amounts of observable clathrate-like water.

ACKNOWLEDGEMENT :

This work was supported in part by the Department of the Navy, Office of
Naval Research Contract NO00014-86-K-0402, Rene Buchet was supported by Swiss

National Science Foundation Fellowship and Chi-hao Luan heid a National tduca-

tion Commission of the People's Republic of China Scholarship.

PLrrtA

-16-

A Y

JS}

.'.".
Y




»
.
L

-

¢ a
Eoie ok ol St ol

N

_, N
o« ‘,
bl

.ll
NN

\ ]
a'sx

LS

Yy T

o
s &_ &

Py s i - -
' - . e

0' ."r g' q
IOX

) e
~
]

Temp Ae
0°C
* Q0 26 + 3
* 5 26 t 4
12 37 + 2
18 34 £ 2
24 37 3
30 38 £ 2
36 42 + 3
42 43 + 3
48 48 + 3
54 5 + 3
60 55 + 4

R TN OR TS

Tau (ns]
139 + 6
37 ¢ 1
49 + 3
44 + 3
44 + 3
38 + 2
36 + 2
35 ¢+ 2
39 + 2
35 + 3
31+ 2

TABLE

). 36
J.3

0.11
0.08
0.08
0.08
0.09
0.09
0.10

g.11

[

-

+

I+

i+

I+

i+

i+

i+

i+

1,073
J.l
0.03
0.02
0.07
0.02
0.02
0.02
0.02
0.02

0.03

0.6
0.6
0.6
0.6
0.7
0.7
0.9

1.0

I+

I+

I+

I+

I+

i+

I+

I+

0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.2

0.2

24.7
23.7
23.2
23

22.7
22.6
22.6
22.4
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TABLE 11
Temperature [°C] Conductivity [MS/M]

0 0.3

b 0.27
12 0.57
18 0.67
24 0.96
30 0.9

36 1.25
42 1.40
48 1.55
54 1.73
60 1.90
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TABLE TII

Shape Factor X =1

PR et o

ppp Leu' PPP [eu'ppp

0.02 0.54 + 0.03

S

Volume Fraction of PPP Analog 0.31 +0.02 0.50

i+

Mass Fraction of PPP Analog 0.37 +0.02 0.57 + 0.02 0.61 + 0.03
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Figure Legends:

Figure 1: Unrolled perspective of the molecular structure of the B3-spiral
of the polypentapeptide of elastin., Reproduced with permission

.

from Ultrastructural Pathology 4, 227-251, 1983,

Figure 2: The real part < (A} and tne imaginary part " (B) of tne
dielectric permittivity of the le'-ppp over the frequency range
of 1 to 1000 MHz and over a temperature range of 0 to 60°C. For
the imaginary part of the dielectric permittivity, the conduc-
tivity term has been subtracted which represents mainly the

dielectric property of the free ions present in water. The con-

ductivity values used are listed in Table I.
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Figure 3: The real part €' (A) and the imaginary part €" (B) of the

dielectric permittivity of the Leu!-PPP over the frequency range

N [NISNER A

of 1 to 1000 MHz and over a temperature range of 0 to 60°C.
From the imaginary part of the dielectric permittivity, the con-
ducitivity term has been subtracted which represents mainly the
dielectric property of the free ions in water. The conductivity
values used are listed in Table II.

Figure 4: Temperature dependence of the imaginary part of the dielectric
permittivity at 794 MHz of water (o), of Leu'-ppp (e) and of

Ileul-PPP (a).

1

Figure 5: The real part of the permittivity €' of Ileu” PPP (a), Leul PPP

€, ey
&

ndn e 4

(o), and PPP (e) at 794 MHz as function of the temperature.

" IIJ.

7w

Figure 6: Example of the quality of curve fitting obtained on the Itel-ppp

data. The solid line represents the calculated fit and the sym-

vy wow -
T

bols represent experimental data. At the top (A) is the real
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K £y
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o

part and at the bottom (B), the imaginary part of the dielectric

permittivity of Ileu'!-PPP at 24°C. The other solid line curve
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seen at the bottom of the figure represents the conductivity.

Figure 7: Cole-cole plot of the I)el—PPP sample at 24°C, the full line is

symbols represent the experimental

-

The conductivity term at 24°C (listed in Table 1)

the theor=tical curve and tne

4ata plots.
nas Heen subtracted from the dielectric 10ss

Temperature dependence of the correlation time from 12°C to

Frgure A
630°C. Tne straight line corresponds to the least squares best
fit yielding an activation energy of 1.6 * 0.3 Kcal/mol.

Figure 9: The imaginary part of the permittivity e" of the Ileu L opop at

794 MHz (e) and at 2.81 MHz (o) as function of temperature. The

conductivity term from the dielectric loss €" has been sub-

tracted. The values used are listed in Table 1.
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